In multiple sclerosis (MS), partial recovery from relapses leads to residual disability.^[@R1]^ Limited recovery from early clinical relapses also situates patients with MS for an earlier onset of progressive disease.^[@R2]^ A single, partially recovered, symptomatic or asymptomatic, critically located lesion in the high cervical spinal cord is sufficient to set a patient up for progressive disease.^[@R3],[@R4]^ Despite this critical role of relapse recovery in long-term prognosis in MS, relapse recovery has not been sufficiently modeled into clinical trials in early MS. Few studies have used relapse recovery as an outcome measure hypothesizing that disease-modifying treatments (DMTs) will help recovery from ensuing relapses after treatment initiation.^[@R5],[@R6]^ A common real-world practice in deciding immediate vs delayed DMT initiation in early MS often involves the extent and rapidity of a patient\'s recovery from early relapses, a decision for which there is no evidence from a clinical trial setting.

Relapse recovery worsens as a patient gets older.^[@R1],[@R7][@R8][@R11]^ Recovery from early relapses seems to be similar within an individual patient, pointing to individual specific factors responsible for a "good" vs "poor" recovery paradigm.^[@R2]^ In a population-based cohort, we recently showed that when controlling for inherent individual factors by paired analyses of early and late relapses from the same patient, there is a relatively linear decline in clinical recovery after a relapse with aging.^[@R12]^ We also showed that improvement from the maximum disability reached during the first clinically evident relapse (i.e., clinically isolated syndrome \[CIS\]) can be measured by a change in the Expanded Disability Status Scale (EDSS) score as a clinically useful metric of recovery.^[@R12]^

Age of a patient is also a critical factor in developing progressive MS, which peaks around the fifth decade.^[@R13][@R14][@R15]^ The same decade coincides with a pathologic shift to smoldering plaques associated with the progressive phase in MS.^[@R16]^ DMT efficacy declines with older age,^[@R17]^ likely reflecting a natural decrease in relapses with age, a natural increase in progressive MS with age but also the natural decline in relapse recovery potential with age. This lower endogenous recovery potential later in life makes it easier to observe a change with exogenous recovery intervention in older patients in a clinical trial setting.^[@R18]^

To understand the interaction between relapse recovery and DMT efficacy and given the impact of early relapses on long-term outcome in MS, the best approach would be a placebo-controlled, double-blind trial in CIS with stratification by relapse recovery at enrollment. However, use of DMTs in CIS and early MS is a well-established practice, and the feasibility of a future longitudinal trial could be challenging for recruiting sufficient size of an untreated population with CIS.

We used a unique opportunity to analyze the clinical and imaging data from the double-blind, placebo-controlled trial of Interferon beta-1a 30 mc once a week (Avonex) in CIS and its 10-year follow-up extension.^[@R19],[@R20]^ These studies originally established the benefit of DMTs in delaying further relapses after a CIS event. We studied the interaction of relapse recovery at the time of CIS with immediate vs delayed initiation of Avonex in determining long-term disability worsening.

Methods {#s1}
=======

Standard protocol approvals, registrations, and patient consents {#s1-1}
----------------------------------------------------------------

All patients originally consented for the Controlled High-Risk Avonex MS Prevention Study (CHAMPS) and Controlled High-Risk Avonex® MS Prevention Study in Ongoing Neurological Surveillance (CHAMPIONS).^[@R19],[@R20]^ No patient identifiers were available for the current analyses.

Study population {#s1-2}
----------------

CHAMPS was a multicenter, double-blind, placebo-controlled study of IM interferon beta-1a in patients with CIS.^[@R14]^ At the time of original enrollment, patients\' ages ranged from 18 to 50 years, and all had experienced a unilateral optic neuritis, transverse myelitis, or brainstem-cerebellar syndrome. The baseline requirement was ≥2 additional asymptomatic brain lesions with typical characteristics of an MS lesion. All patients received 3 days of 1 g IV methylprednisolone per day followed by a 15-day oral prednisone taper within 14 days of onset of their symptoms. All patients got randomized to treatment (30 μg of IM interferon beta-1a, N = 193) or placebo (N = 190) arms within 27 days of symptom onset. The CHAMPS study period was 3 years. Ninety-three percent of patients on the original active treatment arm and 99.5% of patients on the original placebo arm complied with drug dosing over 80% of the time.^[@R14],[@R15]^

The CHAMPIONS was a 2-phase extension study.^[@R15]^ After the completion of the CHAMPS, all patients were offered active treatment for an additional 2 years to complete 5 years. In the second extension phase, all patients were offered an additional 5 years of active treatment to complete 10-year follow-up. The goal was to assess the impact of immediate treatment initiation (10 years active treatment) vs delayed treatment initiation (3 years placebo +7 years active treatment) on long-term disability outcome.

Definition of clinical variables {#s1-3}
--------------------------------

The presenting relapse was defined as originally described in the clinical trial setting.^[@R14]^ However, some of these patients would have been classified as relapsing-remitting MS with contemporary diagnostic criteria, which appeared after the original study design.^[@R21]^ Therefore, we refer to the original event as the initial relapse rather than CIS.

Degree of clinical recovery was defined as the improvement from the peak deficit of a relapse to stabilized baseline after at least 6 months, a conservative time frame, because most recovery takes place within the first 3 months or less.^[@R1],[@R22],[@R23]^ Based on our recent publication,^[@R12]^ we chose to use the improvement in the EDSS score as our clinical recovery metric appropriate for our analyses. Because we studied the initial relapse, all patients were assumed to have an EDSS score of 0 before the index event. We took the EDSS score at enrollment, which was recorded within 28 days of symptoms onset, as representative of the peak deficit associated with the initial relapse.

Good recovery from the initial relapse is defined as fulfilling one of the 2 following criteria: (1) when the peak deficit at enrollment within the 28 days of symptom onset is the EDSS score of 0 and the EDSS score of 0 is maintained through the 6th-month visit, the patient is assumed to have already recovered fully at enrollment, or (2) when the peak deficit at enrollment within the 28 days of symptom onset is EDSS score \>0, the patient is assumed to have good recovery if the EDSS score improvement from peak deficit to 6th-month visit was equal to or better than the median of the group. We used median over mean values, as the EDSS is a composite ordinal scale, and further categorical definitions of good vs not good recovery were introduced. Given that some patients did not have 6th-month visits, we also repeated the analyses by using the 1st-year visit to assign good recovery.

Data analyses {#s1-4}
-------------

We tested the hypothesis that patients with insufficient recovery with delayed DMT initiation do worse than patients with insufficient recovery and immediate DMT initiation or patients with good recovery regardless of timing of DMT initiation. This study provides Class III evidence that for patients with MS without good recovery after the initial relapse, immediate DMT initiation increases the likelihood of a benign disease course.

Baseline demographics and clinical, imaging, and recovery metrics were compared between immediate vs delayed treatment groups using the Kruskal-Wallis rank-sum test, linear model analysis of variance, trend test for ordinal variables, or Pearson χ^2^ test as appropriate to the variable. We studied 2 long-term disability outcomes: (1) reaching an EDSS score of 2.5 or higher or (2) reaching an EDSS score of 4.0 or higher. Time from assigning recovery status (6 months or 1 year from enrollment) to reaching EDSS outcomes was studied and shown on an age axis initially stratified for immediate vs delayed treatment groups. The analyses were repeated further stratifying each intervention group by the relapse recovery metric. Kaplan-Meier statistics were used to calculate hazard ratios (HRs) and CIs for relapse recovery treatment interaction variables, using the worst outcome group as reference. Finally, we studied the independence of our observations by Cox regression analyses including baseline demographics, baseline clinical characteristics, baseline radiologic characteristics, and the relapse recovery and intervention groups. We report additional HRs and CIs for variables that remained independently significant in the Cox regression analyses.

Data availability {#s1-5}
-----------------

All data from the original CHAMPS and CHAMPIONS trials were made available for analyses without any constraints.

Results {#s2}
=======

In [table 1](#T1){ref-type="table"}, we recapitulate the demographics of the study population according to years from initial enrollment. We noted no shift in distribution of baseline characteristics of patients according to years of follow-up.

###### 

Patient demographics according to follow-up duration
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In [table 2](#T2){ref-type="table"}, we show subclinical disease burden at enrollment, disability burden at enrollment, and initial relapse recovery according to the intervention group. Except for a previously known (from the original published studies) difference in brain parenchymal fraction, there were no differences between intervention groups regarding baseline characteristics.

###### 

Subclinical disease and disability burden at enrollment and from the initial relapse according to the treatment group
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Of the 383 patients at enrollment, 55 (22 immediate treatment and 33 delayed treatment) did not have the EDSS score recorded. Of the remaining 328 patients, at the time of enrollment within 28 days of their initial relapse event, 114 (56 immediate treatment and 58 delayed treatment) had an EDSS score of 0, and 214 had an EDSS score of \>0.

Of the 114 patients who had EDSS score = 0 at enrollment, 57 remained EDSS score = 0 at 6 months, therefore established as having already fully recovered within the first 28 days before enrollment. Of the 214 patients with EDSS score \> 0 at enrollment, 118 patients had an EDSS score improvement ≥1 point from peak deficit to 6th-month visit. Therefore, at the 6th month from enrollment, we were able to qualify 175 patients (57 + 118) as having good recovery (94 immediate treatment and 81 delayed treatment) and 153 patients as not having good recovery (77 immediate treatment and 76 delayed treatment---[table 2](#T2){ref-type="table"}).

The number of patients available for scheduled follow-up visits is shown in [figure 1](#F1){ref-type="fig"}. Between all phases of the study, 171 patients were seen 6 times, and 155 patients were seen 12 times. There were a total of 2,940 EDSS measurements to establish disability accrual through the study. The median EDSS score throughout the study was 1.0 (minimum 0.0--maximum 8.0).

![Number of patients available for scheduled patient assessments in CHAMPS, CHAMPIONS, and CHAMPIONS extension illustrating repeat enrollment with rerecruitment of patients lost to follow-up during previous phases\
CHAMPIONS = Controlled High-Risk Avonex MS Prevention Study in Ongoing Neurological Surveillance; CHAMPS = Controlled High-Risk Avonex MS Prevention Study.](NEURIMMINFL2019023879f1){#F1}

Patients who did not have a 6th-month visit and those who had already reached the disability outcome within the first 6 months and sustained it later were excluded, leaving 266 patients for EDSS score ≥2.5 outcome and 330 patients for EDSS score ≥ 4.0 outcome analyses. For the second model of 1st-year visit to assign good recovery, we had 229 patients for EDSS score ≥ 2.5 outcome and 265 patients for EDSS score ≥ 4.0 outcome analyses ([figure 2](#F2){ref-type="fig"}).

![Probability of long-term disability accumulation along the age axis is shown\
Groups are defined according to good recovery from the initial relapse at 6th-month and treatment intervention. Figure is shown with the age axis started and truncated at the point where every analysis group is still required to have ≥1 patient in the study. Patients with good recovery and immediate initiation of DMT after their first relapse have about 65% chance of remaining at a minimal disability level of EDSS score \<2.5 by age 45 years. On the other hand patients with poor recovery and delayed DMT initiation have about 20% chance of remaining at a minimal disability level by age 45 years. Patients with poor recovery but immediate DMT initiation have about 50% chance of remaining at a minimal disability level by age 45 years similar to patients with good recovery but delayed DMT initiation. CHAMPS = Controlled High-Risk Avonex MS Prevention Study; CHAMPIONS = Controlled High-Risk Avonex MS Prevention Study in Ongoing Neurological Surveillance; DT = delayed treatment with randomization to placebo at CHAMPS enrollment with switch to disease-modifying therapy (DMT) with Avonex at CHAMPIONS enrollment; IT = immediate treatment with randomization to Avonex at CHAMPS enrollment and maintained on DMT throughout CHAMPIONS; good recovery is defined as EDSS score = 0 at 1st month that is maintained through the 6th-month visit or being equal to or better than the median EDSS score change from peak deficit to 6-month visit.](NEURIMMINFL2019023879f2){#F2}

EDSS score ≥ 2.5 outcome {#s2-1}
------------------------

We used the worst combination outcome of delayed treatment without a good initial relapse recovery as our reference (HR = 1.0). Using the 6th-month visit to define good recovery, the delayed treatment with the good initial relapse recovery group had an HR of 0.67 (95% CI \[0.36--1.25\], *p* = 0.207), the immediate treatment without the good initial relapse recovery group had an HR of 0.56 (95% CI \[0.31--1.03\], *p* = 0.061), and the immediate treatment with the good initial relapse recovery group had an HR of 0.43 (95% CI \[0.22--0.84\], *p* = 0.014).

Using the same reference of delayed treatment without a good initial relapse recovery, but 1st-year visit to define good recovery, the delayed treatment with the good initial relapse recovery group had an HR of 0.40 (95% CI \[0.18--0.90\], *p* = 0.027), the immediate treatment without the good initial relapse recovery group had an HR of 0.40 (95% CI \[0.20--0.81\], *p* = 0.011), and the immediate treatment with the good initial relapse recovery group had an HR of 0.48 (95% CI \[0.24--0.94\], *p* = 0.034).

These findings were maintained independently in the multivariable Cox regression analyses ([table 3](#T3){ref-type="table"}). For the EDSS score ≥2.5 outcome, the delayed treatment with the good initial relapse recovery group, the immediate treatment without the good initial relapse recovery group, and the immediate treatment with the good initial relapse recovery group maintained their independent positive effect compared with delayed treatment without a good initial relapse recovery.

###### 

Independently significant variables^a^ in Cox regression analyses of impact on EDSS score ≥ 2.5 disability outcome
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The presence of gadolinium-enhancing lesions at enrollment had a negative impact on disability outcome independent of relapse recovery treatment interaction variable.

EDSS score ≥ 4.0 outcome {#s2-2}
------------------------

In this analysis, although we found HRs to be similar to EDSS score ≥2.5 outcome analysis, event rates were low (as shown in [figure 2](#F2){ref-type="fig"}), and the results did not reach statistical significance in either 6th-month or 1st-year definitions of recovery in univariate or multivariable analyses (data not shown).

Discussion {#s3}
==========

We provide, to our knowledge, the first clinical trial evidence to support the practice of deciding immediate vs delayed DMT initiation in early MS based on how poorly a patient recovers from their initial relapse. Based on our study, following practical numbers can be summarized: patients with good recovery and immediate initiation of DMT after their first relapse have ∼65% chance of remaining at a minimal disability level by age 45 years. On the other hand, patients with poor recovery and delayed DMT initiation have ∼20% chance of remaining at a minimal disability level of EDSS score \<2.5 by age 45 years. Patients with poor recovery but immediate DMT initiation or patients with good recovery but delayed DMT initiation similarly have ∼50% chance of remaining at a minimal disability level of EDSS score \<2.5 by age 45 years. Therefore, delaying initiation of DMTs, especially after a poorly recovered relapse, further hampers the likelihood of remaining relatively disability-free by critical age 45 years, beyond which there is a higher likelihood of developing progressive MS.^[@R13][@R14][@R15]^ Although the study focused on a single DMT, it would be reasonable for such analyses to be conducted in other DMT trials in CIS setting.

As we had recently shown the impact of aging on relapse recovery with the clinical relapse recovery metrics in a population-based cohort,^[@R12]^ we used age rather than time from disease onset for modeling relapse recovery and treatment interaction in MS. Without our recent findings, such modeling would have been premature at the time of original CHAMPS trial design, and it seems timely that we have carried our findings from the population-based, natural history study to a clinical trial setting now.

Choice of disability cutoffs in our study was dictated by the availability of data in a trial setting as opposed to natural history studies. Given that all patients were placed on DMT throughout the extension phase of the trial, event rates for moderate-to-severe disability levels were low. Our hypothesis dictated that any interaction between good relapse recovery and immediate treatment should result in benign outcomes. The clinical trial standard in MS has been the EDSS as is which was available for us to use in our analyses. Maintaining an EDSS score of \<2.5 is generally accepted as having an ambulatory-benign MS while clearly not reflecting cognitive dysfunction that may still occur.^[@R24]^ However, most practicing and academic MS specialists would agree that maintaining a mild disability level or better (≤EDSS score 2.5) is generally accepted as a benign disease course in MS. Hence, our chosen primary outcome of EDSS score 2.5 cutoff was a good match for testing our hypothesis.

We also explored EDSS4 as a cutoff. As patients who reach EDSS4 have a more linear disability accumulation afterward,^[@R25][@R26][@R27]^ using EDSS4 gave us a window into the future of moderate-to-severe disability accumulation in the study groups. However, using the EDSS4 cutoff, there were insufficient events in our analyses as shown in [figure 2](#F2){ref-type="fig"}, reasonably consistent with the premise that early initiation of DMTs in MS delays moderate-to-severe disability, likely through delaying further clinical and radiologic events.

Another challenge related to using the EDSS score both as an outcome and as a relapse recovery metric. We have recently shown that it is suitable to use the EDSS score to measure recovery after the first clinical relapse in MS.^[@R12]^ In an ideal study design, patients should be enrolled in a treatment arm after the recovery is given sufficient time to stabilize before assigning good vs poor recovery. Because the CHAMPS^[@R17]^ was designed without this metric in mind, we had only 1 month after the index relapse and before the randomization. Therefore, we had to compromise at several levels. We accepted as "already recovered" anyone with an EDSS0 at the time of randomization and who maintained that level at the time of 6th-month or 1st-year recovery assessment. On the other hand, we excluded patients who had already reached and thereafter maintained the outcome measure at the time of randomization (i.e., EDSS2.5 or EDSS4.0) from the study because any recovery afterward would potentially be biased by the active arm of the trial. Although we recognize a lack of definitive evidence for the possibility of DMT impact on relapse recovery, using a similar metric of EDSS change as our study to assess recovery outcome in MS, patients on natalizumab treatment attained a less severe peak deficit during a subsequent relapse than patients on placebo, and, expectedly, patients on natalizumab achieved better recovery than placebo at the 6-month time point.^[@R5]^ In another post hoc study using the EDSS metric as above, patients treated with peginterferon beta-1A had better 6th-month postrelapse recovery while on treatment than those who received placebo.^[@R6]^ These studies suggest that DMTs, potentially through a dampening effect on the peak severity of a relapse, improve odds of recovery from that relapse. Of interest, in our study, although the 1st-year relapse recovery assessment captured an independent positive effect of good recovery despite delayed treatment, the 6th-month assessment did not. This observation could support the hypothesis of a modest impact of early DMT initiation on overall relapse recovery even if initiated after a relapse.

Our good recovery definition was based on a median EDSS score change, which can be fine tuned in a future study by good, average, or poor recovery if functional system scores are used to assess recovery.^[@R2],[@R12]^ Unfortunately, we did not have raw functional system scores available from the time of enrollment in this trial.

Finally, we observed that having subclinical active disease, as evidenced by baseline active MRI findings, affected disability outcome independently of relapse recovery treatment interaction variables. However, in this study, follow-up imaging or electrophysiology-based recovery metrics were not collected specifically to assess subclinical improvement in patients, limiting our analyses to clinical recovery metrics alone. As it has been illustrated in the RENEW trial with Opicinumab (anti-LINGO-1) in acute optic neuritis (NCT01721161), where recovery was the actual outcome measure, subclinical recovery assessment exemplified by full-field visual evoked potential latency was found relevant as a potential confounder of outcome.^[@R18]^ Therefore, we suggest that inclusion of such subclinical metrics of recovery also be considered in a definition of good-versus-poor recovery stratification at enrollment in addition to clinical recovery metrics.

A better understanding of the biology underlying relapse recovery in MS is of utmost importance in generating better animal models of recovery, in developing better recovery agents, in more optimal timing of administration of recovery agents in future recovery trials, and in defining the clinical/subclinical metrics appropriate for the recovery measurement. At the moment, several such agents are moving along different phases of development and clinical trials.^[@R18],[@R28]^ Our current analyses, together with our previous observation that a poor early relapse recovery significantly shortens the time to progressive MS onset,^[@R2]^ raise awareness of the importance of relapse recovery as a predictive factor of long-term outcomes in MS.

Approaches to promote remyelination to prevent long-term progression should be initiated early in the disease course at the time of the first or second relapse. For example, a successful remyelinating therapy used to return disability back to normal during a relapse might prevent long-term progression, likely by protecting axons through ensheathment.^[@R29]^

In summary, we believe that the analyses presented in this work support 2 important findings about relapse recovery: first, that it should be a variable controlled at inclusion in clinical trials, and second, that it should be an early decision factor for DMT initiation. Because relapse recovery independently influences long-term disease outcomes, we recommend that it be assessed routinely as part of MS clinical trials with more precisely timed EDSS and FSS measurements around the clinical relapses. It is very likely that DMTs and medications stimulating relapse recovery will be used concomitantly, and clinical or subclinical metrics that can assess such interactions will be further relevant in future clinical trials.
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